A set of asymmetric hybrid tetramers of Escherichia coli D-3-phosphoglycerate dehydrogenase (PGDH) have been made by gene co-expression and KSCN-induced dimer exchange. These tetramers contain varied numbers of active sites and effector binding sites arranged in different orientations within the tetramer. They reveal that PGDH displays half-of-the-sites activity with respect to its active sites and that the two sites that are active at any particular time lie in subunits on either side of the nucleotide binding domain interface. Half-ofthe-sites functionality is also observed for the effector even though all four sites eventually bind effector. That is, only two effector sites need to be occupied for maximum inhibition. Binding of the last two effector molecules does not contribute functionally to inhibition of activity. Furthermore, positive cooperativity of inhibition of activity by the effector is completely dependent on the positive cooperativity of binding of the effector. Binding of the first effector molecule produces a conformational change that essentially completely inhibits the active site within the subunit to which it binds and produces an approximate 33% inhibition of the active site in the subunit to which it is not bound. Binding of the second effector at the opposite regulatory domain interface completes the inhibition of activity. This simple relationship defines the positional and quantitative influence of effector ligand binding on activity and can be used to predict the maximum level of inhibition of individual hybrid tetramers. In addition, the site-specific quantitative relationship of effector binding to individual active sites can be used to model the inhibition profile with relatively good agreement. These simple rules for the site to site interaction in PGDH provide significant new insight into the mechanism of allostery of this enzyme.
PGDH is a tetramer composed of identical subunits that contain three distinct structural domains, the substrate binding domain, the nucleotide binding domain, and the regulatory or effector binding domain (6) . The arrangement of subunits reveals that the enzyme can be viewed as a dimer of dimers. Contact between the nucleotide binding domains of 2 subunits form one dimer and contact between the regulatory domains of two of these dimers complete the tetramer contacts (see Fig. 1 ). L-Serine binds at the interface between adjacent regulatory domains as illustrated in Fig. 2 . There are two such interfaces at opposite ends of the tetramer and 2 serine molecules bind in each interface forming hydrogen-bonding contacts across the interface. It has been proposed that the binding of L-serine stabilizes the regulatory domain interface contacts and inhibits the active site by imparting rigidity to the molecule (7) .
In the absence of NADH, equilibrium dialysis binding studies show positive cooperativity in the binding of the first 2 serines and negative cooperativity in the binding of the last two serines (3) . In the presence of NADH, the magnitude of the negatively cooperative effects are diminished (8) . This amelioration of cooperativity is not seen with NAD ϩ . It has been proposed that the negative cooperativity of serine binding could result if a single effector molecule was capable of stabilizing the association of the two domains to the extent that it could exclude, or partially exclude, the binding of the second ligand at that interface (7) .
The recent production of hybrid tetramers of PGDH by coexpression of two different PGDH genes has made it possible to start investigating the site to site interaction in these cooperative regulatory processes using asymmetric tetramers (7) . This method previously demonstrated that the negative cooperativity of serine binding involved sites at the same regulatory domain interface, whereas the positive cooperativity of serine binding involved sites at opposite regulatory domain interfaces.
Although co-expression of two genes proved to be a facile method for the production of hybrid tetramers, it was limited in the subunit combinations that could be obtained in homogeneous form. Several reports have appeared that demonstrate that certain tetrameric proteins possessing the dimer of dimers motif can be dissociated into relatively stable dimers with KSCN if one interface is more stable than the other (9 -10) . Application of this method to PGDH also resulted in the production of homogeneous hybrid tetramers resulting from dimer dissociation and recombination. Furthermore, this method could be used to produce homogeneous tetramer configurations that could not be obtained in homogeneous form by co-expression. This report describes the combined use of both co-expression and KSCN dimer exchange to produce eight new asymmetric hybrid tetramers of PGDH. These, along with the four originally reported from co-expression experiments (7) very clearly define the magnitude and direction of individual sitesite interaction in this allosteric enzyme.
MATERIALS AND METHODS
Protein was isolated and purified from bacteria utilizing 5Ј AMPSepharose affinity chromatography as previously described (11, 12) . Enzyme activity was determined by the change in absorbance at 340 nm because of the conversion of NADH to NAD ϩ at pH 7.5 (13) using ␣-ketoglutarate as the substrate (14) .
All PGDH constructs used in this study are based on PGDH 4CA. This form of the enzyme substitutes alanine residues for the four cysteine residues found in the subunit. This construct behaves similarly to native PGDH and has been widely used in previous studies (4, 5, 8, (15) (16) (17) . The k cat and I 0.5 for serine are identical to the native enzyme and the K m for ␣-ketoglutarate is 5-fold higher than the native enzyme (18) . It is chosen to be consistent with previous studies and so that new cysteines can be introduced for the incorporation of reporter groups in subsequent studies. For the sake of simplicity, this construct will be assumed as the background in all subsequent descriptions and not be referred to specifically. Subunits produced by five different genes are presented in this study. Their designations and the combinations used are shown in Table I . PGDH gene 4ERV4A contains native functionality (i.e. no mutations of functional residues) and incorporates a charge tag produced by converting 4 surface glutamate residues to arginine residues (4ER). It also contains a sequence tag at the amino terminus consisting of the conversion of a valine residue to an alanine (V4A). The charge tag produces differential elution from an ion-exchange column and the sequence tag allows the determination of the subunit stoichiometry within a hybrid tetramer by Edman sequencing. PGDH gene N364A contains a mutation of one of the effector binding residues that reduces the affinity for L-serine by over 3 orders of magnitude (4) . PGDH gene 4ERV4AN364A combines the charge and sequence tags with this functional mutation. PGDH gene H292Q contains a mutation of the active site histidine residue that reduces the activity of the enzyme to near background levels. PGDH gene A359C/G349C places cysteine residues adjacent to each other across the regulatory domain interface as previously described (11) .
Diagrammatic Representation of PGDH Tetramers-The data reported in this investigation deals with 12 different hybrid tetramers that have different configurations of intact serine binding sites and active sites. To present and discuss them in a clear and concise manner, a diagrammatic convention presented in Fig. 3 will be used. The PGDH tetramer is represented by four squares, with each subunit being represented by a single square. The vertical plane between the squares represents the regulatory domain interface. Similarly, the horizontal plane between the squares represents the nucleotide binding domain interface. The four serine binding sites are represented by the letter "S" placed at the outside, inner corners of the squares to represent their relative orientation at each of the two regulatory domain interfaces. The four active sites are represented by the letter "A" placed at the inside inner corners of the squares. When a site within the hybrid tetramer is intact, its letter designation is present. When a site has been mutated so that it is no longer functional, its letter designation is not present. The data presented below show that a common reference point for the tetramer is the nucleotide binding domain interface. Thus, when two sites occur on the same side of the nucleotide binding domain interface, they are referred to as being in the "cis" configuration. When they occur on opposite sides of this interface, they are referred to as being in the "trans" configuration. The letter designations for the sites have been left out of Figs. 4 and 7 for clarity because they are not needed for the purpose of the figure.
Production of Hybrid Tetramers by Co-expression-Hybrid tetramers were produced by the co-expression of two genes for PGDH within the same plasmid as described previously (7) . In this study, one of the PGDH genes (designated Gene 1 in native amino-terminal sequence with a selected functional mutation. During protein expression, the subunits from the co-expressed genes combine to produce hybrid tetramers as described previously and depicted diagrammatically in Fig. 4 .
Production of Hybrid Tetramers by Subunit Exchange-PGDH homotetramers expressed and isolated from separate PGDH gene expressions were combined as shown in Table I . Tetramers were mixed in equal molar amounts in 0.4 M KSCN, 20 mM potassium phosphate buffer, pH 7.5, and allowed to incubate for 18 -20 h at 4°C. After incubation, the mixture was dialyzed for 18 -20 h against 1 mM potassium phosphate buffer, pH 7.5, and 60 mM KSCN at 4°C. For the cysteine mutants depicted in Fig. 7 (A359C/G349C), 5 mM dithiothreitol was included during the incubation with 0.4 M KSCN and removed during the dialysis and ion-exchange steps. As demonstrated below, this produces an exchange of dimers as depicted in Fig. 4 . Dimer exchange will produce either species 9 or 10. The subunit geometry cannot be distinguished by Edman sequencing of the sequence tag because both contain a 2:2 ratio of subunits. The "Results" section presents an analysis that identifies the specific tetramer formed and thus the stable dimer that undergoes exchange.
Ion-exchange Chromatography-Hybrid tetramers were purified by chromatography on QAE-Sepharose in 1 mM potassium phosphate buffer, pH 7.5, 60 mM KSCN and eluted with a linear gradient of NaCl from 0 to 0.5 M as previously described (7). Fractions were pooled and dialyzed against appropriate buffers before further purification or analysis. Pools that were not well resolved into homogeneous tetramers were re-chromatographed using the same conditions with a gradient from 0 to 0.3 M NaCl. The ratio of subunits, within a tetramer pool, was determined by automated Edman sequencing of the sequence tag region as described above and presented in Table II .
Inhibition Analysis-Serine inhibition plots were fit to the Hill equation (19, 20) ,
where I max is the maximum inhibition, I is the fractional inhibition, L is the concentration of ligand, n is the Hill coefficient, and I 0.5 is the inhibitor concentration at one-half maximal inhibition. Theoretical maximal inhibition of asymmetric hybrid tetramers was calculated using the following expression that was derived empirically from the data presented in this investigation (see "Results"),
where f is the fraction of active sites viewed diagonally across the nucleotide binding domain interface that are either on the same side (A same ) of that interface as a functional serine binding site or only on the opposite side (A opp ) of the interface from a functional serine binding site. The two halves of the equation refer to the two diagonals across the nucleotide binding domain interface and are designated as d1 and d2.
RESULTS

Co-expression Stoichiometry and Orientation-
The co-expression and characterization of three PGDH gene pairs has been performed. As described under "Materials and Methods," the co-expression of two PGDH subunits containing different mutations results in the formation of seven different species of hybrid tetramers (Fig. 4, top) . When one subunit contains a charge tag that increases the positive charge on the surface of the protein, 5 charge-differentiated hybrid tetramer pools of PGDH can be obtained after ion exchange chromatography (Fig. 5) . By virtue of the fact that the subunit containing the charge tag also contains a sequence tag at the amino terminus, the ratio of the two different subunits can be determined by automated Edman analysis as demonstrated in Table II . Thus the peaks in Fig. 5 correspond to species 1-7 in Fig. 4 in the following way: peak 1a ϭ species 1; peak 1b ϭ species 2; peak 1c ϭ species 3, 4, and 5; peak 1d ϭ species 6; peak 1e ϭ species 7. Each peak contains a single species of hybrid tetramer except for the middle pool, which contains a mixture of 3 tetramers each containing two subunits of one type and two subunits of another in different orientations.
KSCN Exchange Stoichiometry and Orientation: Production of Homogeneous 2:2 Hybrid Tetramers-When two different
PGDH tetramers are incubated in 0.4 M KSCN as described under "Materials and Methods," only three peaks are apparent after ion-exchange chromatography as seen in Fig. 6 . Edman sequence analysis of the sequence tag (Table II) reveals that the first and last peak are equivalent to the starting tetramers but that the middle peak is a hybrid consisting of two subunits of each starting tetramer. Thus, the KSCN treatment causes a dissociation of the tetramers at a dimer interface to produce stable dimers that recombine after removal of the KSCN. This is very similar to what has been observed with phosphofructokinase (9) treated with similar KSCN concentrations. Because only three charge-differentiated peaks are seen, it follows that dissociation occurred at only one of the two dimer interfaces. If dissociation at both interfaces were to occur, then monomeric species would be produced as well, and recombination would produce a distribution similar to that seen for coexpression in Fig. 5 . Clearly, peaks corresponding to 1b and 1d in Fig. 5 are not observed (species 2 and 6 in Fig. 4 ). The orientation of the subunits in this hybrid tetramer (either species 9 or 10) will depend on which interface dissociates as depicted in Fig. 4 .
To determine which dimer interface dissociates in response to KSCN, G349C/A359C was used in combination with 4ERV4A. When expressed alone, this mutation places cysteine residues adjacent to each other across the regulatory domain interface. We have previously shown that the adjacent cysteines in this mutant form disulfide bridges between the regulatory domains of adjacent subunits in PGDH upon oxidation (11) . These disulfide bridges result in the formation of a covalent dimer that migrates as an 88-kDa species on non-reducing SDS-PAGE (the PGDH subunit is 44 kDa). As depicted in Fig.  7 , either hybrid tetramer B or C will be formed, but not both, depending on which interface dissociates in response to KSCN under reducing conditions. Upon subsequent oxidation and ion exchange chromatography the two can be distinguished from their behavior on SDS-PAGE. The all native tetramer (species A) will migrate as an all 44-kDa species, whereas the all mutant tetramer (species D) will migrate as an all 88-kDa species. If the regulatory domain interface (vertical interface in Figs. 1  and 3) dissociates to form the hybrid tetramer (species B), all FIG. 3 . Diagram of the convention used for depicting hybrid tetramers and how it relates to the PGDH structure. Each subunit of the tetramer is depicted as a square. The horizontal junction of the four squares represents the nucleotide binding domain interface and the vertical junction the regulatory domain interface. Intact serine binding sites are labeled with an S and are placed on the outside, inner corners of the squares to depict their position at the regulatory domain interface. Intact active sites are labeled with an A and are placed at the inside corners of the squares to simulate their orientation relative to the serine binding sites and the four subunits. If a site is mutated so that it is not functional, the letter designation is omitted.
44-kDa species will be observed because the cysteine residues will not be in position to form disulfide bridges across the interface. On the other hand, if the nucleotide binding domain interface (horizontal interface in Figs. 1 and 3) dissociates to form the hybrid tetramer (species C), a 50:50 mixture of 44-and 88-kDa species will be observed upon oxidation. Ion exchange chromatography of the mixture of 4ERV4A and G349C/A359C tetramers treated with 0.4 M KSCN and subsequently oxidized produced the expected three peaks (not shown). Their stoichiometry was verified by Edman sequencing and is included in Table II as species 2a-2c. After oxidation of the peaks, they were run on non-reducing SDS-PAGE as shown in Fig. 8 . Peak 2a (Fig. 8, lane 3) is all native subunits and runs as an all 44-kDa species. Peak 2c (Fig. 8, lane 5) is all mutant subunits and runs as an all 88-kDa species. The hybrid tetramer, peak 2b (Fig. 8, lane 4) , is a 2:2 mixture of native and mutant subunits and runs as a 50:50 mixture of 44-and 88-kDa species on SDS-PAGE. This confirms that the dimer dissociation in response to KSCN occurs at the nucleotide binding domain interface (horizontal interface in Figs. 1 and 3) . Therefore the hybrid tetramer corresponds to species 10 in Fig. 4 . In other words, KSCN treatment produces a homogeneous hybrid tetramer with two identical subunits making contact at the regulatory domain interface and on the same side of the nucleotide binding domain interface of the tetramer.
Production of Homogeneous Asymmetric Hybrid Tetramers with Mutated Active Site and Serine Binding
Site Combinations-Utilizing the generation of mutant hybrid tetramers demonstrated above, 12 homogeneous asymmetric hybrids were produced and analyzed. These are presented in Fig. 9 using the convention described earlier . Four of these (species a,  b, d, and e) , produced by co-expression of 4ERV4A and N364A, 
FIG. 5. Chromatogram of a QAE-
Sepharose fractionation of chargedifferentiated hybrid tetramers produced by co-expression. Two genes were expressed on the same plasmid. One gene contained the charge tag and one did not. Loading and elution conditions are described in the text. Absorbance at 280 nm (q) is plotted against fraction number. The NaCl gradient is depicted by the solid line. Peak 1a corresponds to species 1 in Fig. 4 ; peak 1b to species 2; peak 1c to a mixture of species 3, 4, and 5; peak 1d to species 6; and peak 1e to species 7 (taken from Ref. 7).
were described previously (7) and are included here for completeness along with additional new data. The kinetic and inhibitory parameters determined for each species are listed below the depiction of each tetramer. I max gives the degree of maximum serine inhibition as a fraction of the total activity, n H is the Hill coefficient for the inhibition, and I 0.5 is the concentration of serine that produces half-maximal inhibition. The specific activity is listed in units/milligrams.
Inspection of the data in Fig. 9 reveals several important observations. First of all, PGDH displays half-of-the-sites reactivity. Comparison of species a to species h and j shows that in going from 4 active sites to 1, the specific activity is halved rather than quartered. This indicates that only half of the active sites in the native enzyme are active at any one time. Furthermore, the two reactive active sites are trans to each other because species g and l demonstrate that when two active sites are present but are found on the same side of the nucleotide binding domain, the activity is still halved. Species with three active sites (species f and k) possess specific activity similar to the native enzyme by virtue of the fact that 2 of the sites are trans to each other. Furthermore, it is likely that the two active sites that are functional at any given time are related across the diagonal of the tetramer. In other words, when the active site of the top left subunit in Fig. 3 is active, the active site in the bottom right subunit will also be active, and vice versa. However, these data do not rule out the possibility that the active sites may be related laterally rather than diagonally. The diagonal configuration seems more likely because 
FIG. 6. Chromatogram of a QAE-Sepharose fractionation of hybrid tetramers produced by subunit exchange in 0.4 M KSCN.
The tetramers used in this case were 4ERV4A and N364A. Absorbance at 280 nm (q) is plotted against fraction number. The NaCl gradient is depicted by the solid line. Peak 3a corresponds to species 8 in Fig. 4 ; peak 3b to either species 9 or 10; and peak 3c to species 11. of the approximate 180°symmetry of the tetramer. If the top two subunits are rotated by 180°into the position of the bottom two subunits so that the relative subunit interface orientation is preserved, the top left active site will be in the position of the bottom right active site. Also supporting this concept is the observation that the crystal structure of the enzyme with bound serine shows that the subunits related diagonally across the nucleotide binding domain are conformationally related.
The data in Fig. 9 also illustrate that the positive cooperativity of inhibition is dependent on the positive cooperativity of serine binding. It was previously demonstrated (7) that when serine binding sites were trans, positive cooperativity of serine binding was observed. Conversely, when they were cis, negative cooperativity of serine binding was observed. This remains consistent throughout all of the hybrid species obtained. When serine binding sites occur in the trans configuration, the Hill coefficient for inhibition of activity is always significantly greater than 1 (species a, b, f, g, and h ). When serine binding sites are only in the cis configuration, the Hill coefficient for inhibition of activity is ϳ1 (species c, d, k, and l) . Furthermore, this is independent of the number of active sites present. Even species h, with only a single intact active site, demonstrates positive cooperativity of inhibition of activity. This suggests that serine binding sites that are on the same subunit as an active site inhibit that site to a different degree than active sites that are on adjacent subunits. Fig. 9 also illustrates that maximal serine inhibition of activity only occurs in those species that possess trans serine binding sites (species a, b, f, g, and h ). When this condition is not met, even when there are two intact serine binding sites present, but they are cis to each other, the degree of serine inhibition is significantly reduced and the magnitude of the reduction is dependent on the relative orientation of the sites (species c, d, k, and l). Note also that species c and d demonstrate that the same degree of inhibition is obtained whether there is one or two intact serine binding sites at the regulatory domain interface (cis configuration). This strongly suggests that the binding of only a single serine at an interface is sufficient to produce the maximum effect and that the second site at the same interface does not have a functional consequence with respect to the degree of inhibition of activity.
Species l shows that when the serine binding sites in a tetramer have a cis relationship and all of the active sites are on the opposite side of the nucleotide binding domain interface, the maximal level of inhibition of enzyme activity is only approximately one-third of the total. As additional active sites are added (species k, d, and c) so that some are on the same side of the nucleotide binding domain interface as the serine sites, the maximal level of inhibition increases. However, full inhibition is not achieved until the serine binding sites have a trans relationship (species a, b, f, g, and h). This again provides convincing evidence, as with the cooperativity seen for species h, that the serine binding sites exert a differential effect on the active sites. Serine exerts its maximal effect on active sites within subunits to which it binds. Active sites on subunits to which serine does not bind are also inhibited, but only fractionally. This inhibition is presumably produced by an overall conformational change in the tetramer that affects the distant FIG. 9 . Summary diagram of homogeneous hybrid tetramers. Twelve homogeneous hybrid tetramers were produced and are labeled as species a-l. The diagram corresponds to the convention described in the legend to Fig. 3 . The maximum inhibition of activity (I max ), the Hill coefficient for inhibition (n H ), the serine concentration at which 50% of maximal inhibition of activity occurs (I 0.5 ), and the specific activity of the enzyme (Sp. Act.) are listed below each hybrid tetramer. NA designates that the value is not applicable to that particular tetramer. active sites. Using this relationship, Equation 2 was derived to calculate the level of maximum inhibition that any given hybrid tetramer can undergo as a function of the relative locations of effector and active sites. Equation 2 was derived empirically from a consideration of how the half-of-the-sites activity would manifest itself in species l, c, and a, where the maximum inhibition goes up in increments of one-third as sites are added. Table III shows that when the experimental and calculated values are compared, Equation 2 can accurately predict the level of maximum inhibition.
DISCUSSION
Hybrid tetramers of PGDH can be produced in homogeneous form using two complementary approaches. Co-expression of two individual genes of PGDH results in association of subunits in all possible combinations although not all can be obtained in homogeneous form after ion-exchange chromatography. However, many of the tetramers unobtainable in homogeneous form from co-expression can be produced by KSCN-induced exchange of dimers. If two different tetramers are employed, re-association of the dimers produces, in addition to the starting tetramers, a new homogeneous hybrid tetramer of the cis configuration. Although not employed in this investigation, KSCN-induced exchange also has the potential to produce new trans configurations by starting with single asymmetric tetramers obtained from co-expression experiments. In all, 12 homogeneous hybrid tetramers consisting of different stoichiometries and orientations of active sites and serine binding sites were obtained (Fig. 9 ). These tetramers have revealed for the first time that PGDH displays half-of-the-sites activity with respect to its active sites as well as a functional half-of-the-sites activity with respect to the effector sites. This investigation has also demonstrated that positive cooperativity of inhibition is completely dependent on the positive cooperativity of effector binding and that the negative cooperativity of effector binding does not play a functional role in this respect. Furthermore, this investigation has revealed a measurable, quantitative relationship between effector and active sites.
The half-of-the-sites activity observed for the active sites is orientated across the nucleotide binding domain interface and conforms to the "flip-flop" mechanism described in detail by Lazdunski (21). Although half-of-the-sites activity suggests extreme negative cooperativity, he showed that such an enzyme could display normal Michaelis-Menten kinetics if a dimer, consisting of identical subunits and containing two active sites, "flip-flopped" between two structural states where one of the sites was active and the other was inactive at any particular time. In this respect, PGDH can be considered as a dimer of dimers. The data indicates that the two subunits that interface at the nucleotide binding domain consist of a flip-flop unit and that while one of these dimers is "flipped" in one orientation, the opposite dimer is "flopped" to the opposite orientation. In other words, according to the model, active sites diagonally opposite one another across the nucleotide binding domain are active at the same time. As pointed out previously, this is consistent with the 180°symmetry of the PGDH tetramer. Lazdunski (21) went on to point out that in tetrameric systems displaying allosteric inhibition or activation, an "allosteric dimer" with a flip-flop mechanism would not only display Michaelis-Menton kinetics, but also positive cooperativity for effector, and produce a Hill coefficient near 2. This accurately describes what has been observed for PGDH (1) (2) (3) (4) (5) .
Whereas some insight into the interrelationship of the serine binding sites to each other has been gained from previous studies (5, 7, 18) , much less has been discovered about the functional relationship of the active sites to the serine binding sites. The hybrid tetramers described here provide, for the first time, directly interpretable results that elucidate this relationship.
When serine binding sites are cis to each other, that is, found only on one side of the nucleotide binding domain interface (species c, d, k, and l), no cooperativity of inhibition is observed. We previously determined that positive cooperativity of serine binding occurred between sites that were trans to each other (7) . Thus, positive cooperativity of inhibition of activity is completely dependent on positive cooperativity of serine binding. This manifests itself in the extreme case when there is only a single intact active site but at least 2 serine binding sites that are trans to each other (species h and j). This means that each of the two positively cooperative serine binding sites exert unequal effects on the same active site. For species h and j, this manifests itself as positive cooperativity of inhibition because serine can bind in two different sequences relative to the active site.
It is also observed that when serine binding sites do not occur in a trans configuration, less than 100% inhibition of the enzymatic activity is achieved. Also note that species d is not inhibited to the same extent as species k and the same is true for species c and l. This is a direct function of the half-of-thesites reactivity of the enzyme. In species d, for instance, one reactive active site will always be in a subunit pair that binds serine. However, in species k, when the conformation of the tetramer flip-flops, this will not be true. If one considers this relationship independently for each diagonally related pair of active sites as a way to represent the flip-flop mechanism, the experimentally determined level of maximum inhibition can be calculated by the relationship presented in Equation 2 and demonstrated in Table III . This equation was derived based on the observation that the binding of serine appears to produce nearly complete inhibition of active sites on the same subunit pair to which it binds and only ϳ33% inhibition of active sites on subunits to which it does not bind.
Comparison of species c and d also indicates that binding of only one serine at a regulatory domain interface is sufficient to equally affect the active sites. Keep in mind that in species d, domain interaction by hydrogen bonding across the regulatory domain interface still occurs even though only one site is functional (see Fig. 2 ). It appears that this single site interaction is sufficient and that binding of effector to the second site does not have a further functional effect. This is consistent with the conclusions from earlier publications (3, 7) but this is the first time that it has been shown directly. Although complete inhibition can be accounted for by effector binding to only two sites that are trans to each other, it does not mean that the remaining sites are completely without contribution to the mechanism. The second two sites provide a statistical advantage within the context of sensitivity to effector concentration. Because the two sites at each regulatory domain interface are symmetrical, there are initially four sites available in the native enzyme for the binding of the first effector molecule. If there were only two sites available initially, one would predict that the sensitivity to serine would decrease because the relative concentration of binding sites decreases in relation to the solution concentration of effector. This is manifested in the observation that the I 0.5 increases as the number of serine binding sites decreases (see Fig. 9 , species a, b, c, and d).
The relationship between serine binding and inhibition of activity described by Equation 2 should allow one to begin to model the inhibition profile of PGDH based on a knowledge of the distribution of bound species as a function of serine concentration. However, the success of such modeling will depend to a large extent on the accuracy with which the dissociation constants for serine binding can be determined. In this case, the dissociation constants are determined by fitting data from equilibrium dialysis experiments to the Adair equation. This entails an attempt to fit four parameters simultaneously (the four individual dissociation constants). Simultaneous fitting of this many parameters can introduce a great deal of uncertainty into the results. However, the production of hybrid tetramers has allowed binding experiments to be performed on tetramers with 1, 2, and 3 serine binding sites (7) . Because fewer parameters are required to be fit as the number of binding sites decrease, it would seem reasonable that individual dissociation constants could be determined with less uncertainty. Based on this assumption, the best estimates for the first two dissociation constants for serine binding to PGDH are 12 and 3 M, respectively (7). In addition, although only two serine binding sites are responsible for the inhibition of activity, serine eventually binds to all four sites in the presence of NADH (7, 8) . Because the binding of the last two serines do not contribute to the inhibition, their actual dissociation constants are not relevant in an attempt to model the inhibition profile as a function of their fractional population. However, for the purposes of the modeling based on species distribution, the species with 3 and 4 serines bound must be represented in the modeling equation, but only in so far as they are an extension of the concentration of the species with two serines bound. One way to approximate this is to assign them dissociation constants at least equivalent to that for binding of the second serine. Thus, a reasonable set of dissociation constants to be used for modeling the distribution of species as it relates to inhibition of activity is 12, 3, 3, and 3 M, respectively. These values are in fact not far off from the values of 12, 5, 9, and 5 that were experimentally determined from fitting for four parameters simultaneously and are generally within the error ranges of that analysis for the fitting process itself (7).
As discussed above, the binding of serine appears to produce nearly complete inhibition of active sites on the same subunit pair to which it binds and about 33% inhibition of active sites on subunits to which it does not bind. Furthermore, only the first two bound serine molecules produce an effect on inhibition so that inhibition is essentially complete after the second serine binds. Incorporating these observations into the sum of bound species produces the following relationship of occupancy to inhibition, I max ϭ 1.33͑P i )ϩ0.67(P 2 )ϩP 3 ϩP 4 (Eq. 3) where P i indicates the concentration of species with 1 to 4 bound serine molecules. When this relationship is plotted as shown in Fig. 10 , and compared with the experimentally determined inhibition profile, the agreement is quite good. The small deviations that may be present are quite sensitive to the magnitude of the dissociation constants selected and may also have a contribution from experimental error. Other factors not recognized by this initial analysis may also play a role, but the profile produced by Equation 3 provides a good first approximation for the influence of effector binding on activity. Compared with a non-cooperative process, this is particularly noted in the rapid rise in inhibition that is sustained to high serine concentration. This attribute is the primary manifestation of the positive cooperativity in PGDH. The production and characterization of asymmetric hybrid tetramers has produced a much clearer picture of the magnitude and directionality of the site to site interactions in PGDH. It has clearly shown that the enzyme displays half-of-the-sites activity that corresponds very closely to the flip-flop mechanism first discussed by Lazdunski (21). It has also revealed that only two effector sites, one at each regulatory domain interface, are functional in the inhibition of activity and that the positive cooperativity of inhibition is dependent on positive cooperativity of effector binding. This represents a functional half-of-the-sites activity for the effector sites even though all four sites can eventually bind the effector. Furthermore, this investigation has shown that the magnitude of inhibition of activity depends on the inter-subunit relationship of effector site to active site and that this relationship can begin to be defined in a quantitative manner and can be used to quite closely account for the experimentally observed inhibition of activity as a function of effector site occupancy. This picture of how the various ligand sites in PGDH interact sets the stage for investigations into the structural basis for this relationship. 
